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Contactin is a glycosylphosphatidylinositol-anchored immunoglobulin-like neuronal cell adhesion molecule that has been
implicated in cellular interaction during development of the vertebrate central nervous system. Here we report evidence for
an essential role of contactin in development of the Xenopus nervous system. Contactin mRNA is detectable by in situ
ybridization in subsets of neurons in the brain, primary sensory neurons in the spinal cord, and cells along the trigeminal
erves of tailbud embryos. Contactin immunoreactivities preferentially distribute on axon tracts of the brain, the spinal
ord, and the trigeminal sensory nerves. Most prominently, cell bodies and peripheral and spinal axons of primary sensory
eurons, Rohon-Beard (RB) cells, are strongly contactin positive. Injection of the contactin overexpression vector into one
lastomere of two-cell stage embryos leads to misdirected elongation of the peripheral axons of RB neurons in the injected
alf. Overexpression of antisense transcript causes depletion of contactin mRNA accumulation and abnormal development
f RB neurons. In 52.3% of the injected embryos, RB neurons decrease in number and their peripheral axons in dorsal lateral
racts are defasciculated. These results demonstrate that contactin plays an essential role in development of the Xenopus
primary sensory system. © 2000 Academic Press
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tINTRODUCTION
During development of the nervous system, direct or
indirect cell-to-cell interaction regulates the behavior of
postmitotic neurons, which ultimately leads to formation
of a neural network with enormous complexity. Significant
progress has recently been made in understanding the
molecular basis of such cellular interactions by the identi-
fication of several families of molecules that act as
substratum-bound or diffusible signals, or cellular recep-
tors. The immunoglobulin (Ig) superfamily, which is char-
acterized by the presence of extracellular Ig-like domains, is
the largest group of molecules that serve as ligand or
receptor molecules in multiple processes of the nervous
system development (reviewed in Bru¨mmendorf and
Rathjen, 1996; Faivre-Sarrailh and Rougon, 1997). Many of
the members of this superfamily are known as cell adhesion
1 To whom correspondence should be addressed. Fax: 81 (3)
3942-6118. E-mail: s-nagata@sakura.jwu.ac.jp.308olecules, since homophilic interaction of these molecules
auses cell adhesion. The Ig superfamily can be further
ivided into subgroups on a structural basis. Members of
he contactin/TAG-1 subgroup have six Ig-like domains and
our fibronectin type III-like repeats and are bound to the
lasma membrane by a glycosylphosphatidylinositol (GPI)
nchor. The multiple domain structure and the GPI anchor
nable the molecules to interact with various signal mol-
cules presented by the cell’s environment or on the plasma
embrane. They are expressed by subsets of neurons and
ligodendrocytes in the developing and adult vertebrate
entral nervous system (Sonderegger and Rathjen, 1992;
oshihara et al., 1995; Ogawa et al., 1996; Koch et al.,
997).
Contactin (also known as F3 or F11) has been described in
he central nervous system of Xenopus (Nagata et al., 1996),
chickens (Ranscht, 1988; Bru¨mmendorf et al., 1989) and
mammals (Gennarini et al., 1989; Reid et al., 1994; Hosoya
et al., 1995). Contactin expression is regulated both tempo-
rally and spatially in developing nervous tissues. It is0012-1606/00 $35.00
Copyright © 2000 by Academic Press
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309Contactin in Xenopus Neural Developmenthighest at the period of axonal elongation during first 2
postnatal weeks in rodents (Yoshihara et al., 1995; Berglund
et al., 1999), although it continues to be present in certain
areas of mature brains, the neurohypophysis and neural
retina (Ranscht, 1988; Hosoya et al., 1995; Pierre et al.,
1998). Detailed in situ hybridization study of the develop-
ing rat brain demonstrates that the shift of contactin-
positive areas in the cortex and the hippocampus correlates
well to the axonal projection (Hosoya et al., 1995). Contac-
tin is also localized in the inner and outer plexiform layers
and optic fibers in the adult chicken retina (Ranscht, 1988;
D’Alessandri et al., 1995) and in the secretory granules of
hypothalamic neurosecretory neurons in adult rats (Pierre
et al., 1998). It is estimated from these observations that
contactin may be involved in the formation and mainte-
nance of synapses and fascicles and in structural changes
related to axonal plasticity.
Contactin expressed on cultured cells has been shown to
interact homophilically and heterophilically with various
neuronal, glial, and extracellular matrix molecules in vitro.
Homophilic interaction leads to the adhesion of the cells
and induces neurite extension (Gennarini et al., 1991).
Heterophilic interaction with Ng-CAM (Bru¨mmendorf and
Rathjen, 1993), Nr-CAM/Bravo (Morales et al., 1993), and
TAG-1 (Buttiglione et al., 1998) also causes adhesion and
neurite outgrowth by contactin-expressing neurons. In con-
trast, interaction of contactin-expressing neurons with the
tenascin-R-coated substrate leads to inhibition of neurite
outgrowth and defasciculation of axons (Pesheva et al.,
1993; Xiao et al., 1996; 1998). The demonstration that the
receptor-type protein tyrosine phosphatase b (RPTPb) binds
to contactin raises an additional possibility that contactin
can also act as a ligand molecule (Peles et al., 1995; Sakurai
et al., 1997). From these in vitro studies and the above-
entioned expression patterns, it is postulated that contac-
in mediates neuron-to-neuron, neuron-to-glial cell and
euron-to-extracellular matrix interactions, which regulate
eurite outgrowth, axonal pathfinding, fasciculation, my-
lination, and synaptogenesis by subsets of neurons.
It was recently reported that knockout mice with dis-
upted contactin gene function suffer a severe ataxia com-
ined with anatomical abnormalities in the brain (Berglund
t al., 1999). This implies that contactin plays an essential
ole in the formation of the neural network. Except for
hese studies, however, limited information is available
bout the physiological roles of contactin in the developing
ervous system.
Our previous study describes the structure and the ex-
ression pattern of Xenopus contactin in adult brains (Na-
ata et al., 1996). The later study identified a highly
omologous (approximately 93% identity in the amino acid
equence of the translates), nonallelic isoform (DDBJ/
MBL/GenBank DNA database Accession No. AB015205)
hat is coexpressed with the reported contactin in nervous
issues and developing embryos (unpublished data). Here
e collectively designate both isoforms contactin. In this
aper, we first describe the temporal and spatial patterns ofCopyright © 2000 by Academic Press. All rightontactin expression during embryonic development. Our
esults demonstrate that the onset of contactin expression
ccurs in subsets of neurons, including primary sensory
eurons, as early as the neurula stage. This provides an
xperimental approach in which contactin expression in
he embryo is perturbed by overexpression of the sense and
ntisense transcripts. The results show that both overex-
ression and reduced expression of contactin cause abnor-
al development of a subset of primary sensory neurons.
hese results provide substantial evidence for an essential
ole of contactin in the development of the Xenopus ner-
ous system.
MATERIALS AND METHODS
Animals
Mature Xenopus laevis females and males were purchased from
ocal dealers and maintained in dechlorinated tap water. Eggs were
btained after injecting females with a human chorionic gonado-
ropin, fertilized artificially, and dejellied in 2.5% cysteine–HCl
pH 8.0) immediately following rotation. Embryos were cultured in
.13 Steinberg’s solution and their developmental stages were
etermined according to Nieuwkoop and Faber (1994).
Isolation of RNA and RT–PCR Assay
Total RNA fractions from pooled embryos, and frog brains were
isolated according to the method of Chomczynski and Sacchi
(1987) and further purified by precipitation in 0.4 M LiCl. Total
RNA fractions from individual embryos were prepared by using the
RNeasy Total RNA kit (Qiagen Co.) and the RT–PCR assay was
performed using the RNA-PCR kit (AMV), Ver.2.1 (Takara Bio-
medicals Co.). cDNAs were synthesized with the AMV reverse
transcriptase using either an oligo(dT) primer or an upstream
primer of contactin cDNA (59-GCACTTTGAACTGAACACTG-
39) for mRNA or antisense transcripts, respectively. The amplified
transcripts, the primer sequences (upstream and downstream), and
the lengths of the amplified fragment were as follows: contactin,
59-GTAGAAGGTGTGCCAGAATG-39 and 59-TGCACTCAATG-
ATTACACGG-39, 331 bp; contactin antisense, 59-AAGTGGCT-
TCTCTACTCCAG-39 and 59-GCACTTTGAACTGAACACTG-39,
373 bp; NCAM, 59-TGCCGTTACCTGGTTTAGAG-39 and 59-
CATCATCCTGCTTGAGTATG-39, 578 bp; EF1a, 59-TGAGTT-
CTAACTATCCACCG-39 and 59-GGGTTTGTCCATTTCTTT-
GAG-39, 439 bp.
Whole-Mount in Situ Hybridization
The KpnI-digested 3.2-kbp fragment of contactin cDNA (Nagata
et al., 1996) was cloned into the pSPT18 vector and digoxigenin-
labeled sense and antisense RNAs were transcribed using the
DIG-RNA Labeling kit (SP6/T7) (Boehringer Mannheim GmbH).
Whole-mount in situ hybridization was performed using embryos
t various developmental stages according to the methods of
arland (1991). After color development, embryos were fixed in
ouin’s fluid, dehydrated, cleared in benzyl alcohol and benzyl
enzoate (1:2), and photographed under a Leica MZAPO dissecting
icroscope or an Olympus BX50 microscope. Transverse sections
10 mm) of hybridized embryos were obtained following embedding
in paraffin.s of reproduction in any form reserved.
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310 Fujita et al.Western Blot Analysis
Embryos at various stages were homogenized in SDS sample
buffer containing 5% b-mercaptoethanol and incubated for 3 min
at 100°C. The samples were fractionated by 7.5% SDS–
polyacrylamide gel electrophoresis and the proteins were blotted
onto nitrocellulose membrane. Contactin protein on blots was
detected using a monoclonal antibody, 5C9, as described previ-
ously (Nagata et al., 1996).
Construction and Injection of Expression Vectors
To examine the roles of contactin in nervous system develop-
ment, the following expression vectors were generated by cloning
cDNA fragments (Nagata et al., 1996) into the pXeX vector
Johnson and Krieg, 1994). For expression of the full-length contac-
in protein, an approximately 3.2-kbp KpnI fragment containing the
hole open reading frame was inserted into the KpnI site of the
ector (pXeX-XF3). For expression of the contactin peptide deleted
f all six Ig domains, the cDNA fragment encoding the signal
eptide was joined in frame to that encoding fibronectin type III
omains and the GPI-anchoring peptide and cloned into pXeX
pXeX-XF3.DIg). A partial-length antisense expression vector
pXeX-XF3.AS) was created by cloning a 455-bp BamHI fragment
ncluding 97 bp of 59-noncoding sequence into the vector in reverse
irection. The circular plasmid DNA was reconstituted at appro-
riate concentrations in distilled H2O prior to microinjection.
Dejellied two-cell stage embryos were equilibrated in modified
Barth’s solution (MBS) containing 3% Ficoll before microinjection.
Four hundred picograms of the plasmid DNA in 18.4 nl H2O was
njected into one of the blastomeres (unilateral injection). This dose
f the plasmid was determined after preliminary injection experi-
ents with varying doses of each construct. The injection was
ade into two different portions of the animal hemisphere using a
anoject II injector (Drummond Co.). As a control, the same
olume of H2O was injected similarly. A set of experiments
consisted of injection of three different vectors or H2O (control),
with 30–60 embryos for each injected material. Co-injection of the
expression vector encoding bacterial b-galactosidase (pXeX-cbgal)
was made for later visualization of the protein expression. After
injection, embryos were cultured in MBS containing 3% Ficoll
until stage 5 and then washed and raised in 0.13 Steinberg’s
solution up to stage 35/36. They were fixed and subjected to
b-galactosidase histochemistry and whole-mount immunocyto-
chemistry as described below.
Whole-Mount Immunocytochemistry and
Histochemistry
To detect b-galactosidase expression, embryos were fixed in 2%
paraformaldehyde in PBS and stained with X-gal according to Vize
et al. (1991). The embryos were sorted by staining patterns and
fixed in Dent’s fixative (Dent et al., 1989). They were processed for
whole-mount immunolabeling using monoclonal or polyclonal
antibodies to Xenopus contactin (Nagata et al., 1996), according to
Klymkowsky and Hanken (1991). Immunolabeling with anti-
HNK-1 monoclonal antibody (Sigma Chem. Co.) was performed
similarly. In some of the embryos, double labeling with HNK-1 and
contactin antibodies was performed using horseradish peroxidase-
and alkaline phosphatase-conjugated second antibodies. The color
developed by X-gal faded out after bleaching and clearing the
embryos for immunolabeling, which made possible the identifica-Copyright © 2000 by Academic Press. All righttion of weakly immunolabeled axons. Stained embryos were em-
bedded in paraffin and transverse 15-mm sections were subjected to
ight microscopy.
RESULTS
Expression of Contactin mRNA during Embryonic
Development
We performed RT–PCR assays on the total RNA fractions
isolated from various developmental stages of embryos.
Figure 1A shows that the contactin transcripts were detect-
able in late neurula embryos at stage 16 and that the
intensity of the bands increased thereafter.
We next examined the spatial distribution of contactin
mRNA in developing embryos by whole-mount in situ
hybridization using labeled RNA probes. No signal is de-
tectable in control embryos hybridized with the labeled
sense probe (data not shown). Signals for contactin tran-
scripts are first detected by using the antisense probe in the
anterior neural tube by around stage 24. In stage 24 em-
bryos, weak signals are also found along the trigeminal
nerves and in the ventral rows of cells in the midbrain and
the hindbrain (Fig. 2A). By stage 31, the intensity of the
signal has increased remarkably and its distribution has
expanded to the caudal spinal cord, the ventral forebrain,
and along the trigeminal nerves (Fig. 2B). From the forebrain
to the hindbrain, contactin signals form bilateral ventral
lines that are interrupted at the midbrain–hindbrain bound-
ary. These bilateral lines further extend to the ventral
spinal cord. In addition, strong signals are found intermit-
tently in the dorsal spinal cord. The cross section of the
stage 31 embryo in Fig. 2C shows the accumulation of
contactin mRNA at the ventral fascicles of the midbrain
FIG. 1. Expression of contactin during Xenopus embryonic devel-
opment. (A) RT–PCR analysis of contactin mRNA. Total RNA was
isolated from the embryos at each stage indicated and contactin
transcript was amplified using specific primers. EF1a was amplified
as a loading control; (2R) Reaction using RNA from stage 32
embryos without reverse transcriptase. (B) Western blot analysis of
contactin protein. A sample equivalent to a single embryo extract
was analyzed at each stage. (Br) Adult brain extract.s of reproduction in any form reserved.
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311Contactin in Xenopus Neural Developmentand the branches of trigeminal nerves (Fig. 2C). In the
sections at the trunk level of the embryo, the signals are
most prominent in Rohon-Beard (RB) cells at the dorsal
most part of spinal cord (Fig. 2D). The signals are also
detectable in the dorsolateral and the ventrolateral por-
tions, where cell bodies and axonal fascicles of motor
neurons and interneurons are present (Nordlander, 1984;
Hartenstein, 1993). In addition, extramedullary (EM) neu-
rons, which are present in the mesenchyme close to the
dorsal spinal cord, are positive for contactin transcripts.
The distribution of contactin mRNA is restricted to the
nervous system throughout the developmental stages ex-
amined.
Expression of Contactin Protein in Embryos
Western blot analysis of whole embryo extracts detects
contactin protein at stages 35 and 40 as a single 135-kDa
band that is the size of contactin detected in adult brains
(Fig. 1B). The amount of contactin protein increases be-
tween these stages. Contactin is undetectable at stages 20
and 28.
We performed whole-mount immunolabeling experi-
ments to visualize distribution of contactin proteins in
tailbud embryos. Contactin protein is detectable first in the
ventral marginal zone of the hindbrain and the anterior
spinal cord at stage 31. By stages 37/38, contactin-positive
areas expand in the brain, the trigeminal nerves, and the
caudal spinal cord, and the intensity of the label increases
remarkably (Fig. 3A). Contactin expression is detectable
only in nervous tissues throughout the developmental
stages examined.
In the brain, strong labeling is seen along axon tracts in
the primary olfactory region and the anterior commissure
in the telencephalon (Fig. 3B), the postoptic commissure,
the optic chiasm, the ventral tegmental tract and the
posterior commissure in the diencephalon (Figs. 3B and 3C),
and the fasciculus longitudinalis medialis of the hindbrain
(Figs. 3B and 3D). The most prominent label is seen along
the optic tract from the optic chiasma to the tectum (Fig.
3A), suggesting contactin expression by optic nerves or by
fibers running parallel to them.
Contactin is detectable on axons of trigeminal sensory
neurons which leave the fasciculus longitudinalis medialis
at the anterior hindbrain, split into two branches, and
further extend toward the cement gland and the olfactory
placode, respectively (Figs. 3A and 3B). No contactin depo-
FIG. 2. Patterns of contactin mRNA expression in tailbud embr
views of the embryos at stage 24 (A) and stage 32 (B), with the ant
the anterior spinal cord, the hindbrain, and the trigeminal nerves in
expression expand by stage 32 (B). (C and D) Cross sections of the
(C) and spinal cord (D). Contactin mRNA is detected in the trigemin
the ventral fascicles (large arrowheads) in the midbrain section (C).
ventral fascicles (vf) in the spinal cord section (D). hb, hindbrain; nCopyright © 2000 by Academic Press. All rightition is found in the trigeminal ganglia where motor
eurons differentiate, consistent with the observation that
he mRNA expression is not detectable there.
In the spinal cord, contactin is found in the dorsal, the
ateral, and the ventral axon tracts. Dorsal tracts, where
escending and ascending axons of RB cells are reported to
ccur (Hartenstein, 1993; Gomez and Spitzer, 1999), exhibit
he highest contactin expression (Figs. 3A, 3E, and 3F). Cell
odies of RB cells and EM cells are also contactin positive,
howing immunoreactivities on the cell surface and the
ytoplasm (Fig. 3G). Many of the serial cross sections
ontain a pair of contactin-positive RB cells, indicating that
heir cell bodies form nearly continuous parallel rows along
he medial dorsal region of the spinal cord (Fig. 3G).
eripheral axons of RB neurons leave the spinal cord as a
undle to form a contactin-positive dorsal lateral tract at
ach myotomal boundary (Fig. 3F). The dorsal lateral tract is
hown to branch out into two pathways, subcutaneous and
ntramyotomal, to innervate the skin (Hughes, 1957; Taylor
nd Roberts, 1983). Contactin immunoreactivities are faint
r undetectable on these axons after leaving the dorsal
ateral tract.
Perturbation of Contactin Expression Affects
Neural Development
The above results show that the contactin proteins are
expressed on cell bodies and axons of RB and EM cells that
are some of the earliest neurons to appear during the
nervous system development. Accordingly, we analyzed the
roles of contactin in the development of these cells by
perturbation of its expression. For this purpose, two-cell
stage embryos were injected with various expression vec-
tors. Most (usually more than 80%) of the injected embryos
developed and hatched normally, with normal head, eye,
fin, and tail structures. All the surviving embryos expressed
b-galactosidase in either the left or the right half of the body
with varying degrees of mosaicism. Figures 4A and 4B show
a representative embryo co-injected with pXeX-cbgal and
XeX-XF3 vectors demonstrating largely overlapped mosaic
atterns of b-galactosidase and contactin expression. For
mmunolabeling experiments, we selected embryos show-
ng b-galactosidase expression in dorsal structures of the
embryos’ anterior half, including the brain, anterior spinal
cord, and myotomes.
First, the effect of antisense expression on contactin
mRNA accumulation was assessed by RT–PCR. Two-cell
revealed by whole-mount in situ hybridization. (A and B) Lateral
to the left. Weak contactin signals (arrowheads) are detectable in
Intensity of the overall contactin signal increases and the areas of
e-mount hybridized stage 32 embryo at the levels of the midbrain
rve (small arrowheads), the fasciculus longitudinalis medialis, and
lso detectable in RB neurons (arrowheads), lateral fascicles (lf), and
tochord; sp, spinal cord; tgn, trigeminal nerve. Scale bars, 100 mm.yos,
erior
(A).
whol
al ne
It is a
c, nos of reproduction in any form reserved.
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313Contactin in Xenopus Neural DevelopmentFIG. 3. Distribution of contactin protein in stage 37/8 embryos, visualized by whole-mount immunocytochemistry. (A) A lateral view of
the anterior 2/3 of the stained embryo, showing nervous tissue-specific distribution of contactin immunoreactivity. (B) An enlarged dorsal
view of the brain portion of the embryo shown in (A). Axon tracts in the brain and primary olfactory region (arrowhead) are contactin
positive. (C, D, and G) Cross sections of the stained embryo at the levels of midbrain (C), hindbrain (D), and posterior spinal cord (G).Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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314 Fujita et al.stage embryos were injected bilaterally with the antisense
vector and the total RNA was isolated from the individual
embryos at stage 21, when contactin mRNA was detectable
in normal embryos (Fig. 1A). The result in Fig. 5 shows that
contactin mRNA is not detectable in four of eight injected
embryos (Nos. 2, 3, 5, and 8), whereas it is expressed in all
the H2O-injected control embryos. In addition, two other
embryos (Nos. 4 and 7) show decreased intensity of the
amplified DNA bands. These results imply that the inhibi-
tory effects of the injection on mRNA accumulation vary
considerably among individuals, probably because of the
differential distribution of the injected vector in embryos.
The injection of the antisense vector has no obvious effect
on the accumulation of NCAM and EF1a transcripts.
CAM is an early neural marker Ig family CAM, and the
romoter–enhancer complex of the EF1a gene is devised to
activate transcription of the inserted DNA in the pXeX
vector. Injection of the antisense vector would, therefore,
have minor, if any, effects on expression of the other genes.
Next, the embryos injected unilaterally with the anti-
sense vector were subjected to whole-mount immunolabel-
ing with HNK-1 antibody at stage 35/36. The HNK-1
antibody, which does not cross-react to contactin epitopes
as analyzed by Western blotting (data not shown), labels
axons and cell bodies of RB and EM neurons, some other
neurons in the peripheral and the central nervous systems,
and a subset of cranial neural crest cells (Nordlander, 1989;
Altaba and Jessel, 1991). Figure 6A shows HNK-1-positive
spinal fascicles, cell bodies, and peripheral axons of RB cells
in the control H2O-injected embryo. The peripheral axons
form a dorsal lateral tract at each myotomal boundary and
then branch out into subcutaneous and intramyotomal
pathways. A dorsal view of the control embryo shows
bilateral arrays of RB cells in the dorsal spinal cord. In some
of the embryos injected with the antisense vector, abnormal
development of RB neurons is evident in the injected half.
Several dorsal lateral tracts are missing at the anterior
spinal cord and the peripheral sensory axons extend ran-
domly over the myotomes (Figs. 6B and 6C). Concurrently,
the RB cell number decreases in the injected half of the
anterior spinal cord compared with the uninjected half
(Figs. 6D and 6E). The abnormal phenotype of dorsal lateral
Contactin is expressed in the postoptic commissure and the optic c
longitudinalis medialis in the ventral marginal region (arrowheads
embryos, showing contactin-positive dorsal and ventral spinal fasci
bodies of a RB neuron and an EM neuron, respectively. (G) A pair o
arrow), and dorsal fascicles (arrowheads) are strongly contactin posi
flm, fasciculus longitudinalis medialis; hb, hindbrain; mb, midb
postoptic commissure; sp, spinal cord; tec, optic tectum; tgn, trige
IG. 4. Expression of b-galactosidase and contactin in embryos co
unilaterally injected with pXeX-cbgal and pXeX-XF3 vectors and sta
predominant expression occurs in the left half of the embryo. The w
showing mosaic patterns of b-galactosidase (blue) and contactin (br
atches expressing either b-galactosidase (green arrowheads) or conCopyright © 2000 by Academic Press. All rightracts was found in 90 of 172 embryos (52.3%) in five
ndependent sets of injection experiments.
Overexpression of contactin by injection of pXeX-XF3 has
o obvious effect on the number of RB cells. In some
mbryos (14 of 33 injected embryos), however, partial
bnormalities are found in the peripheral axon extension by
B cells. Figure 7 represents an example of such embryos. In
his case, intramyotomal branches of peripheral axon
undles show misdirected extension, although the other
ranch, the subepidermal pathway, seems to form a normal
ubcutaneous plexus. In H2O-injected controls, 2 of 70
mbryos (2.8%) show fewer RB cell counts in the injected
alf, but all embryos have normal dorsal lateral tract
tructures. Injection of pXeX-XF3.DIg served as an addi-
ional control. Since Ig domains of contactin have been
hown to mediate both homophilic and heterophilic inter-
ction (Bru¨mmendorf et al., 1993; Durbec et al., 1994;
No¨renberg et al., 1995; Buttiglione et al., 1996), this con-
truct is expected to express functionally defective proteins.
s expected, all the injected embryos (n 5 26) exhibited the
ormal phenotype.
DISCUSSION
We have described temporal and spatial patterns of con-
tactin expression in Xenopus embryos. The onset of con-
tactin gene transcription occurs at neurula stage, followed
by nervous tissue-specific accumulation of the mRNA at
tailbud stage. Preferential deposition of contactin protein is
evident along axon tracts of primary neurons in tailbud
embryos. This early embryonic expression enabled us to
investigate roles of this molecule in the development of the
nervous system. In an attempt to perturb contactin func-
tion, we performed a series of experiments in which various
expression vectors were injected into embryos. The pXeX
vector used for this purpose has been shown to express
cloned sequences efficiently up to tadpole stages (Johnson
and Krieg, 1994). The combined results of expression and
functional studies indicate that contactin is essential for
the development of primary sensory neurons in the spinal
cord, which are some of the earliest neurons born in
m of the lateral diencephalon (arrowheads in C) and the fasciculus
). (E and F) Enlarged lateral (E) and dorsal (F) views of a part of the
An arrow and an arrowhead in (E) represent contactin-positive cell
neurons (small arrows), an EM neuron with peripheral axon (large
ac, anterior commissure; dr, dorsal lateral tract; df, dorsal fascicle;
nc, notochord; ov, otic vesicle; pc, posterior commissure; poc,
l nerve; vf, ventral fascicle. Scale bars, 100 mm (A–F); 200 mm (G).
ted with the overexpression vectors. (A) Dorsal view of an embryo
for expression of b-galactosidase (blue) and contactin (brown). The
line represents the dorsal midline. (B) Lateral view of the embryo,
expression. The mosaic patterns largely overlap, but there are also
in (red arrowheads) alone. Scale bar, 250 mm.hias
in D
cles.
f RB
tive.
rain;
mina
-injec
ined
hite
own)
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315Contactin in Xenopus Neural Developmentembryonic development (Hartenstein, 1993; Gomez and
Spitzer, 1999).
Contactin Expression in Early Embryonic
Development
Previous studies have shown that rat contactin expres-
sion is detectable in various brain regions at perinatal stages
and that the levels of expression are maximal at about 2
weeks of age (Hosoya et al., 1995; Yoshihara et al., 1995). In
chicken embryos, the mRNA is detected in retinal inter-
neurons from embryonic day 8 (D’Alessandri et al., 1995).
However, to our knowledge, no description has so far been
reported on contactin expression in the earlier embryonic
stages. Thus, the present study with the Xenopus system
expands the knowledge about the temporal and spatial
patterns of contactin expression during early embryonic
development.
Contactin gene transcripts become detectable by RT–
PCR in stage 16 embryos, whereas they cannot be detected
by in situ hybridization until around stage 24, indicating
that the latter method is much less sensitive. Transcripts
are detected in the ventral portions of forebrain to hind-
brain, the spinal cord, and along the trigeminal nerve of
tailbud embryos, while other neural and nonneural tissues
are devoid of its expression (Fig. 2A). Detailed histological
analyses combined with the cell labeling techniques have
shown that the first neurons projecting axons are found
around stages 20–22 in the ventral forebrain, ventral mid-
brain, posterior hindbrain, anterior spinal cord, and trigemi-
nal ganglia (Hartenstein, 1993; Gomez and Spitzer, 1999).
Except for the trigeminal ganglia, the spatial and temporal
patterns of early contactin gene expression correlate well to
these patterns of neuronal differentiation, indicating that
the onset of contactin gene expression occurs in subsets of
FIG. 5. Injection of the antisense vector suppresses accumulation
f the contactin transcripts. The contactin antisense vector pXeX-
XF3.AS was injected into both blastomeres of two-cell stage
embryos and a total RNA fraction was prepared from each embryo
at stage 21 (AS injected). Control embryos (control) were injected
with sterile water. Transcripts of contactin, contactin antisense
(contactin AS), NCAM, and EF1a were amplified for each embryo
y RT–PCR. The number of each lane represents an individual
mbryo of the same injection group, and the 2R lane indicates the
eaction-omitted reverse transcriptase.Copyright © 2000 by Academic Press. All rightneurons in advance of their axonal projection. This finding
is consistent with a proposed role for contactin in promot-
ing axonal outgrowth (Bru¨mmendorf and Rathjen, 1996;
Faivre-Sarrailh and Rougon, 1997). However, contactin pro-
teins are not detectable in stage 28 or earlier embryos,
probably because of poor sensitivity of the technique used.
Further studies are required to localize contactin proteins in
developing neurons with higher sensitivity and resolution.
Little is known about the mechanisms regulating cell
type- and developmental stage-specific expression of the
contactin gene. The contactin gene in the mouse genome
has been shown to have binding sites for homeodomain-
and bHLH-containing transcription factors in the 59 regula-
tory region (Buttiglione et al., 1995). It is of interest in this
respect that the homologue of Hoxc-6, which is expressed
in the anterior spinal cord of Xenopus embryos, is expressed
in RB cells of the zebrafish embryo (Westerfield et al., 1992).
It seems likely, therefore, that contactin gene expression is
regulated by mechanisms that define regional and cell type
specification of the neural tube.
Spatial Distribution of Contactin in Tailbud
Embryos
From the results of in situ hybridization and whole-
mount immunolabeling experiments, it is reasoned that the
contactin mRNA is accumulated in the cell bodies of
subsets of neurons in brain and spinal cord, followed by
deposition of translated protein products on their axon. RB
neurons provide the best example since their cell bodies
strongly express the contactin mRNA in tailbud embryos,
and the axons in the dorsal lateral tract and the spinal dorsal
longitudinal fascicle are strongly immunoreactive for con-
tactin protein. It is also likely the case in other contactin-
positive neurons in the brain and the spinal cord, although
we cannot precisely correlate mRNA-containing cell bodies
and protein-immunoreactive axons in detail because of the
limited resolution of the present study. Alternatively, it is
also possible that contactin is expressed by myelin-forming
glial cells, since it preferentially distributes in brain and
spinal fascicles. Similarly, contactin mRNA found along
trigeminal nerves may not be expressed by neuronal cell
bodies, since the cell bodies of these nerve tracts are located
in the hindbrain and the trigeminal ganglia (Lamborghini,
1980; Hartenstein, 1993). Since contactin expression has
only been identified in subsets of neurons and oligodendro-
cytes (Koch et al., 1997), the type of contactin-expressing
cells found along the trigeminal nerves remains to be
determined.
It is of interest that contactin proteins are deposited along
the optic pathway in the forebrain and the midbrain be-
tween stages 31 and 37/38 (Figs. 3A and 3B). Since neither
the mRNA nor the protein is detectable in retinal tissues
throughout the developmental stages examined, contactin
may be present on axons of brain neurons along this
pathway. Detailed studies have shown in Xenopus embryos
that the leading growth cones of retinal ganglion cells starts of reproduction in any form reserved.
316 Fujita et al.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
s317Contactin in Xenopus Neural Developmentto extend at stage 28, travel along the optic pathway, and
reach the tectum at stage 38/39 (Chien and Harris, 1994). It
has been postulated that axonal adhesion and guidance of
retinal neurons involve concerted multiple interactions
between extracellular matrix or cell-bound signal mol-
ecules present in the optic pathway and neuronal cell
adhesion molecules, such as integrins, NCAM, and
N-cadherin (Chien and Harris, 1994; Stone and Sakaguchi,
1996). Contactin has been shown to interact with multiple
neuronal cell adhesion molecules, which leads to adhesion,
axonal growth, or axonal repulsion (Bru¨mmendorf et al.,
1993; Morales et al., 1993; Buttiglione et al., 1998). The
combination of these studies and the present results sug-
gests that contactin acts as a signal for axon guidance of the
optic nerves. Consistent with this possibility is the finding
that retinal axons from eyes transplanted to the tail reach
the brain by growing along the peripheral and spinal axon
tracts of RB cells (Katz and Lasek, 1979). RB cell axons are,
as described previously, strongly positive for contactin
expression.
Among contactin-positive neurons, RB cells and EM cells
fall into a class of primary sensory neurons which appear
early in development to serve as components of the larval
sensory system (Hughes, 1957; Hartenstein, 1993). The
function of these cells is taken over in later developmental
stages by sensory neurons in dorsal root ganglia that are
generated from independent neuronal precursors. There-
fore, expression and function of contactin in RB and EM
cells may be comparable with those reported in sensory
neurons of mammalian dorsal root ganglia, where contactin
is implicated to play roles in axonal growth and guidance
(Gennarini et al., 1991; Durbec et al., 1994).
Roles of Contactin in Development of Nervous
System
We have analyzed the role of contactin in development of
the Xenopus nervous system by vector-driven overexpres-
sion of sense and antisense transcripts. This strategy has
been successfully used to perturb endogenous gene function
specifically (Vize et al., 1991; Lallier et al., 1996; Sampath
et al., 1997). However, it is known to have several limita-
tions, including a mosaic pattern of vector transcription in
the injected embryos. In fact, we saw varying degrees of
mosaic expression of the co-injected b-galactosidase con-
truct, even though two shots of the plasmid injection wereFIG. 6. Injection of the antisense vector results in abnormal development of RB neurons. (A) Dorsal view of a control stage 37 embryo
injected with H2O, showing HNK-1-positive longitudinal spinal tracts, dorsal lateral tracts (dr), and cell bodies of RB cells. (B and C) Dorsal
view of representative antisense-injected embryos, showing defasciculation or absence of HNK-1-positive dorsal lateral tracts (arrows) in
the injected half. (D) Dorsal view of a antisense-injected stage 37 embryo, showing fewer RB cells in the injected (lower) half than those
(arrowheads) in the opposite uninjected half. (E1–10) Serial cross sections of an antisense-injected stage 37 embryo, showing distribution
of HNK-1 (black) and contactin (brown) immunoreactivities in the spinal cord. The number of RB and EM cells (arrowheads) is fewer in the
injected (right) half than in the uninjected (left) half. Scale bars, 100 mm (A–C); 50 mm (D and E).Copyright © 2000 by Academic Press. All rightFIG. 7. Contactin overexpression leads to misdirected axonal
extension by RB neurons. (A) Lateral view of the uninjected side of
the stage 37 embryo unilaterally injected with contactin overex-
pression vector at the two-cell stage. The micrograph is focused on
the intramyotomal fascicles (arrowheads) and further ventral ex-
tension of peripheral axons. (B) Lateral view of the same embryo,
showing misdirected extension of the peripheral axons (arrow-
heads) in the injected side. Subcutaneous extension of RB cell
axons seems normal. Scale bar, 100 mm.s of reproduction in any form reserved.
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318 Fujita et al.made into separate portions of the embryo’s animal hemi-
sphere. The considerable variability in the phenotypes of
vector-injected embryos may be in part due to this variabil-
ity in mosaicism. Injection of mRNA or antisense RNA has
widely been used for overexpression or depletion of the
target proteins. However, our preliminary experiments
show an advantage of the usage of vectors over RNAs in
long-lasting expression of the products. In addition, mRNA
injection also results more or less in a mosaic expression at
late tailbud stages (Saito and Nagata, unpublished observa-
tion). Most of the injected embryos can develop and hatch
with a normal external morphology. But the injection of
antisense and contactin overexpression vectors results in
typical abnormalities in the contactin-positive primary
sensory neurons, while injection of a loss-of-function con-
struct pXeX-XF3.DIg causes no obvious abnormality. It is
ikely, therefore, that under the conditions of the present
tudy antisense and sense overexpression specifically per-
urbs contactin function.
Injection of the contactin antisense vector results in a
educed accumulation of contactin transcripts in some of
he stage 21 embryos (Fig. 4). It also causes abnormality of
B neuron development in more than half of the injected
mbryos. RB neurons are the earliest neurons to be born in
eveloping Xenopus embryos, undergoing their final mi-
otic division by the completion of gastrulation followed by
nitiation of axonal projection by stage 22 (Lamborghini,
980; Hartenstein, 1989, 1993). The effects of antisense
xpression may therefore be most prominent in this cell
ype. There are two phenotypes in RB cell abnormality: a
ecrease in the number of RB neurons in the anterior spinal
ord and defasciculation of dorsal lateral tracts that are
ormed by peripheral axons of RB cells. Extensive histolog-
cal examination of spinal cord sections reveals that RB
ells are missing in the affected area, instead of reduced
NK-1 immunoreactivity. While the mechanism of its
ction remains unknown, this suggests that contactin ex-
ression may be required for proliferation, migration, or
ifferentiation of RB neurons in the dorsal spinal cord.
efasciculation of the dorsal lateral tract in embryos in-
ected with the antisense vector may be explained by loss of
ontactin-mediated adhesion of RB cell axons that is possi-
ly required for fascicle formation. Contactin has shown to
e involved in adhesion of cultured cells by homophilic or
eterophilic interactions, with molecules displayed on sub-
tratum or transfected cultured cells (Gennarini et al., 1991;
urbec et al., 1992; No¨renberg et al., 1995). It has also been
hown that contactin-expressing CHO cells induce fascicu-
ation of contactin-positive axons of cerebellar granule cells
n culture (Buttiglione et al., 1996). The present observation
s consistent with these reports and provides the first in
ivo evidence for the idea that contactin mediates axonal
dhesion to form fascicles in a subset of neurons.
We also show that injection of the contactin overexpres-
ion vector results in misdirected extension of intramyo-
omal branches of RB cell axons in some embryos. Since the
njected vector induces strong ectopic expression of co-Copyright © 2000 by Academic Press. All rightnjected b-galactosidase in myotomes, contactin-positive
peripheral axons of RB cells are likely to interact ho-
mophilically with ectopically expressed contactin, which
possibly leads to misguidance of the axons. Alternatively,
its orthotopic overexpression in RB cells may have altered
transduction of ligand binding signals by contactin. What-
ever the mechanisms are, this finding suggests that contac-
tin can guide the growing peripheral axons of RB neurons in
response to environmental signals. The usage of tissue-
specific promoters for targeted expression may provide
further insight into the molecular mechanism of contactin
function. Such experiments are now under way. Future
studies will also be designed to determine the molecular
nature of ligands for contactin and the mechanisms of its
signal transduction that are required for development of the
Xenopus primary sensory system. The present approach
focused on the development of the Xenopus primary sen-
sory system may be generally useful in examining the
molecular mechanisms of neural network formation.
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